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Membrane Traffic: Minireview
What Drives the AAA Motor?
membrane fusion. Indeed, p97 has been implicated in
proteasomal protein degradation in yeast (Ghislain et
al., 1996) and has recently been shown to interact with
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alternate adaptor proteins that connect it to the ubiquitinSt. Louis, Missouri 63110
and nuclear transport pathways in mammalian cells
(Meyer et al., 2000). Still other target-specific adaptors
may exist to recruit p97 to additional cellular pathways.
AAA proteins (ATPases associated with a variety of cel- Structure of p97
lular activities) are found in eukaryotes, prokaryotes, Each monomer of p97 consists of a 200 residue N-ter-
and archeabacteria, and are emerging as an essential minal substrate/adaptor recognition domain (N domain)
family of specialized chaperone-like enzymes (reviewed followed by two AAA domains (D1 and D2 AAA domains).
in Vale, 2000). These proteins play critical roles in such p97 oligomers were shown many years ago by negative
diverse cellular processes as membrane trafficking and stain EM to be barrel-like structures consisting of two
fusion, organelle biogenesis, proteolysis, protein fold- stacked hexameric rings (Peters et al., 1990). The atomic
ing, and intracellular motility. The AAA family is charac- structures of individual domains homologous to p97’s N
terized by a 220–250 amino acid ATPase domain that and AAA domains are known. These include N domains
contains conserved Walker A and B motifs as well as from the p97 archaeal ortholog VAT and from the closely
an AAA-specific region of homology (Neuwald et al., related protein NSF and its yeast ortholog, Sec18p (re-
1999). The conservation and wide-spread use of the AAA viewed in Bru¨nger, 2000). Available AAA domain struc-
module in different settings suggest that these proteins tures come from different branches of the AAA super-
may use a common mechanism to carry out a wide family and include NSF’s D2 domain (Bru¨nger, 2000), the
range of cellular functions. DNA polymerase clamp loading subunit (d9) (Guenther
Members of the AAA family assemble into ring-shaped et al., 1997) and the Clp/Hsp100 family member, HslU
oligomers that carry out noncovalent conformational (Bochtler et al., 2000; Sousa et al., 2000). Zhang et al.
modifications of stable proteins and protein–protein now describe the crystal structure of an ADP-bound
complexes. This chaperone-like activity promotes as- N-D1 fragment of p97 and a cryo-EM-derived recon-
sembly and disassembly of target protein complexes. struction of full-length p97 (Zhang et al., 2000). Their
AAA subunits contain either one or two AAA domains study provides the first high resolution information on
each and are referred to as type I (e.g., Vps4p and ka- the interface between N and AAA domains, and enables
tanin) or type II (e.g., p97 and NSF), respectively. Atomic detailed comparisons of the individual domains with the
structures have been solved for a few AAA domains and structures listed above.
together with high resolution electron microscopy (EM), ADP-bound N-D1 fragments of p97 form a hexameric
have begun to shed light on the mechanistic details that wheel-like structure with the N-domain of each protomer
govern these proteins’ functions. In the December issue emanating from the periphery of the wheel in a counter-
of Molecular Cell, two groups present structural studies clockwise direction (Figure 1A). When viewed from the
on the AAA protein p97 that add new information to our side, the N-terminal surface of this wheel is flat except
understanding of the relative arrangement of functional for deep nucleotide binding pockets between adjacent
domains within AAA oligomers. The analyses lead to two AAA domains, while the C-terminal end defines a funnel-
testable models for p97 function, and more generally to like convex surface (Figure 1B). In the side view, N do-
insight into how AAA oligomers may mediate protein mains do not extend above or below the surface defined
unfolding and disassembly reactions. by the AAA ring. This peripheral placement of N domains
p97 (also known as VCP) is an abundant AAA ATPase raises interesting questions about whether substrates
bind within the central pore of the AAA barrel, as com-that accounts for z1% of protein in the cell cytosol.
monly assumed, or instead bind peripherally around theOligomers of this 97 kDa ATPase are essential for organ-
enzyme’s surface. For p97, the latter possibility is sup-elle assembly in dividing cells and participate in a num-
ported by negative stain EM images of a complex con-ber of homotypic membrane fusion processes, including
taining p97, p47, and syntaxin 5 in which a side viewthose of the endoplasmic reticulum (Latterich et al.,
showed two “legs” of syntaxin 5 extending along the1995). p97 functions together with its adaptor protein
edges of the p97 barrel (Rabouille et al., 1998).p47 in a parallel but distinct pathway from its better
Each N-D1 protomer consists of four subdomains,characterized homolog, N-ethyl-maleimide sensitive fu-
two in N and two in D1. All are remarkably conservedsion protein (NSF), to promote fusion of Golgi mem-
among known N and AAA structures, making it possiblebranes in mammals, probably via modification of protein
to focus on the small differences likely to impart func-complexes involving the relevant SNAREs (Rabouille et
tional specificity to divergent family members and toal., 1998). Orthologs of p97 are found in yeast (Cdc48p)
play roles in the nucleotide hydrolysis cycle that drivesand archaea (VAT), where the absence of internal mem-
the AAA motor.branes suggests that p97 may have functions other than
p97’s N-domain consists of two subdomains, a double
psi b-barrel and a four-stranded b-barrel. Superposition
of the entire N domain of p97, VAT, NSF, and Sec18* To whom correspondence should be addressed (e-mail: phanson@
cellbio.wustl.edu). reveals that in spite of limited sequence identity, all the
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bound representatives that can be used to look for differ-
ences between nucleotide-bound states.
Each AAA domain consists of two subdomains: a dou-
bly-wound a/b fold and a C-terminal, four helix bundle.
In all three hexameric AAA domains, the nucleotide is
located near the interface between subunits and the
active site appears to contain residues from two adja-
cent subunits. Zhang et al. identify potential pivot points
on the outer rim of the p97 hexameric structure that would
allow for rigid body motion of the a/b domain during the
ATPase cycle, enabling and potentially transmitting nucle-
otide-driven conformational changes within the AAA ring
to the N domain and bound substrates.
In order to determine at high resolution whether there
are nucleotide-dependent movements in p97, Zhang et
al. tried to crystallize p97 N-D1 domains in different
nucleotide-bound states. They had no luck and instead
compared the structure of ADP-bound p97 to that of its
close homolog NSF in its AMP-PNP-bound state. To
compare ATP- versus ADP-bound AAA hexamers, they
superposed the ADP-bound p97 N-D1 crystal structure
with the AMP-PNP-bound NSF D2 crystal structure at
their P loops (this loop is involved in nucleotide binding).
In this superposition, the a- and b-phosphates of AMP-Figure 1. Structure of the ADP-Bound N-D1 Hexamer of p97 with
PNP and ADP align with each other, while the ADP-the Subdomains of One Protomer Highlighted
bound p97 hexamer is rotated in the clockwise direction(A) Top view of the p97 N-D1 hexamer. The color coding is as follows:
relative to AMP-PNP-bound NSF. The N-D1 linker regionthe N domain is in magenta, the D1 a/b domain is in cyan, and the
D1 C-terminal a-helical domain is in blue. The bound ADP moieties and the equivalent region in NSF D2 do not align with
(yellow) are located between protomers. each other, suggesting that the linkers may undergo
(B) p97 hexamer viewed 908 rotated relative to (A), so that the N-ter- large movements during the ATPase cycle that could
minal side is on top. The color coding is as in (A). This view shows
reposition attached substrate binding domains. Therethe relatively flat surface at the amino terminal side and the convex
are two highly conserved glycine residues, one at eachsurface of the C-terminal side. (Modified with permission from Zhang
end of the N-D1 linker, that might serve as pivot pointset al., 2000.)
for this motion. These differences between the ADP-
bound and AMP-PNP-bound structures are striking, and
motivate a model for p97 acting as a molecular “ratchet”proteins adopt the same overall fold with about 50% of
in which the two hexameric rings pivot back and forththe residues aligning with an rmsd of less than 1 A˚. Within
between ATP- and ADP-bound states while pullingthe double psi b-barrel subdomain, there are differences
attached substrates apart (see below).between p97/VAT and NSF/Sec18 in the first psi loop.
AAA proteins typically exist in equilibrium between
This “loop” in NSF/Sec18 has a noncanonical two-turn
monomeric and oligomeric forms, and only oligomeric
helix inserted in it. In contrast, the first psi loop in p97/
enzymes are thought to be catalytically active. ATP bind-
VAT is a canonical double psi b-barrel loop and is signifi- ing promotes assembly of oligomers. In the case of NSF,
cantly shorter than that of NSF/Sec18. Psi loop regions the D2 domain is nonhydrolytic with a high affinity for
often contain catalytic or substrate binding sites, and nucleotide, and it stabilizes the hexameric state. For
the observed differences in this loop between the NSF/ p97, it is not known whether both AAA domains hy-
Sec18 and p97/VAT structures suggest that this may drolyze ATP, but the assumption based on sequence
indeed be the region responsible for the divergent speci- homology is that both do. An explanation for the high
ficity of the enzymes’ interactions. degree of stability of the p97 hexamer throughout its
Clues to ATP Hydrolysis–Induced nucleotide cycle is suggested by flexible intersubunit
Conformational Changes contacts in its structure. Specifically, one helix (a5)
AAA catalyzed protein complex disassembly and un- makes all of its primary contacts with an extended helix-
folding is likely to be mediated by the ATPase’s ability loop-helix (a12 and a13) in the neighboring subunit. This
to apply mechanical force to its substrates. To do this, interaction may allow the hexameric state to be main-
the ATPase must cycle between states in which it has tained even if individual subunits undergo substantial
low or high affinity for substrate, and must undergo changes in relative positioning during the ATPase cycle.
conformational changes that promote disassembly and/ To better understand the organization of full-length
or unfolding. How these changes take place is not yet p97, Zhang et al. used cryo-EM and three-dimensional
understood in detail for any AAA ATPase. The AAA do- reconstruction to generate an 18 A˚ model for rat p97
mains of NSF (Bru¨nger, 2000) and HslU (Bochtler et al., bound to ADP (Figure 2). They built a homology model
2000; Sousa et al., 2000) as well as the N-D1 domains for p97 D2 (based on p97 D1) and fit the D1 crystal
of p97 have all been solved as hexamers. While each structure and the D2 homology model into the electron
has only been studied in one nucleotide-bound form, density map of p97. Surprisingly, their best fit placed
the ADP binding sites of D1 and D2 at opposite endsthe available structures include both ATP- and ADP-
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perimeter and each monomer is rotated by about 118.
While a comparison of the AMP-PNP-bound state to
that of the ADP-bound state of p97 shows no further
rotation of the monomers relative to each other, it re-
veals significant changes in the arrangement of the N
domains as well as within the central densities (compare
Figures 3B and 3C). Rouiller and colleagues hypothesize
that the biologically important conformational change
in p97’s cycle is the large rearrangement seen upon
nucleotide binding rather than the smaller changes as-
sociated with nucleotide hydrolysis, the step usually
assumed to be critical in an AAA protein’s hydrolytic
Figure 2. Cryo Electron Micrograph of Full-Length p97 cycle (see below). Precedents for large conformational
Cross-section through p97 electron micrograph to show the central changes upon nucleotide binding come from the AAA
cage. The N-D1 domains are shown in blue and the D2 domains
proteins that assemble into oligomers only upon addi-are shown in green. The arrows indicate the relative orientation of
tion of nucleotide.the N and C termini in a “tail to tail” orientation of the D1 and D2
Stoichiometry of p97 Binding to Its Adaptordomains as proposed in the structural model of full-length p97.
(Modified with permission from Zhang et al., 2000.) Protein, p47
Cryo-EM analysis of p97 mixed with its adaptor protein
p47 in ATP shows six additional densities at the periph-
of the molecule, leaving the C-terminal helical bundles ery of the molecule (Figure 3D), suggesting that each
in the center in a “tail to tail” orientation (Figure 2) with p97 hexamer binds six p47 molecules. Interestingly, dif-
a relative rotation of 208 between the two rings. This ference maps between the ATP-bound p97-p47 and the
arrangement explains both the central cavity and the ATP-bound p97 actually show twelve new areas of den-
pseudo 2-fold axis of the p97 oligomer. Such an arrange- sity and a total increase that is more than can be attrib-
ment is in contrast to the “head to tail” arrangements uted to six p47 molecules. The best explanation for
suggested previously for NSF (Hanson et al., 1997; Len- this observation is that p47 binding leads to ordering of
zen et al., 1998) and VAT (Rockel et al., 1999). Tail to otherwise flexible p97 N domains. The 6:1 molar ratio of
tail arrangement of D1 and D2 domains is important p47:p97 disagrees with previous light scattering studies
for inter-ring communication in the ratchet model that that suggested a 3:1 ratio for p47:p97 (Kondo et al.,
Zhang et al. propose (see below). If this tail to tail assem- 1997). The stoichiometry observed by Rouiller, et al.,
bly turns out to be critical to p97 function, it will be however, supports biochemical data showing that p47
important to understand how type I AAA ATPases, which inhibits p97’s ATPase activity most potently when the
function as single rather than double rings, differ. ratio of p47:p97 is 6:1 (Meyer et al., 1998). The location
Nucleotide Binding Induces a Conformational and number of p47 molecules bound to p97 varies signif-
Change in p97 icantly in the nucleotide-free and ADP-bound states,
In the second paper, Rouiller et al. present two-dimen- suggesting that p47 requires ATP to form a tight com-
sional cryo-EM data showing conformational changes in plex with p97. High affinity binding of substrates in the
full-length p97 when it is bound to different nucleotides ATP-bound state may be a common feature of AAA
(Rouiller, et al. 2000). The projection map in the absence proteins (Vale, 2000), and is likely to be an important
of nucleotide showed that the hexameric molecule has coupling point in the catalytic cycle of these enzymes.
a weak handedness resulting from six peaks of density The AAA Motor
attributable to the apparently flexible N domain (Figure The discussed papers provide an exciting first glimpse
3A). When AMP-PNP is added, there is a rearrangement under the hood of the AAA motor, but there is still much
of the density peaks that suggests a significant confor- to learn about how AAA proteins work. Zhang et al.
mational change upon nucleotide binding (Figure 3B). provide the first high resolution snapshot of an AAA
domain linked to its substrate binding N domain, but inThe complex now has a much more scalloped outer
Figure 3. Contour Plots for p97 Based on Average Electron Micrographs in Different Nucleotide/Cofactor Bound States
(A) p97 in the absence of nucleotide; (B) p97 bound to AMP-PNP; (C) p97 bound to ADP; and (D) p97 bound to p47 in the presence of ATP.
(Modified with permission from Rouiller et al., 2000.)
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Kondo, H., Rabouille, C., Newman, R., Levine, T.P., Pappin, D., Free-the ADP-bound state, in which affinity for substrate is
mont, P., and Warren, G. (1997). Nature 388, 75–78.likely to be low. Comparison with a similar structure in
Latterich, M., Frohlich, K.U., and Schekman, R. (1995). Cell 82,the ATP-bound state will be a critical next step, generat-
885–893.ing answers about where substrates bind and how large
Lenzen, C.U., Steinmann, D., Whiteheart, S.W., and Weis, W.I. (1998).the conformational changes that cause them to dissoci-
Cell 94, 525–536.
ate are likely to be.
Meyer, H.H., Kondo, H., and Warren, G. (1998). FEBS Lett. 437,It is clear from work with a variety of AAA ATPases
255–257.
that cycles of ATP binding, hydrolysis, and release are
Meyer, H.H., Shorter, J.G., Seemann, J., Pappin, D., and Warren, G.
critical for the function of these enzymes, and that this (2000). EMBO J. 19, 2181–2192.
function is likely to be mediated by conformational Neuwald, A.F., Aravind, L., Spouge, J.L., and Koonin, E.V. (1999).
changes propagated from enzyme to substrate. This Genome Res. 9, 27–43.
much both papers agree upon. The studies diverge in Peters, J.M., Walsh, M.J., and Franke, W.W. (1990). EMBO J. 9,
their assessment of where in the ATPase cycle the func- 1757–1767.
tionally critical conformational changes occur. Zhang et Rabouille, C., Kondo, H., Newman, R., Hui, N., Freemont, P., and
al. present evidence for ATP hydrolysis–driven confor- Warren, G. (1998). Cell 92, 603–610.
mational changes in the AAA domains of p97 and pro- Rockel, B., Walz, J., Hegerl, R., Peters, J., Typke, D., and Baumeister,
W. (1999). FEBS Lett. 451, 27–32.pose that p97 operates as a molecular “ratchet” in which
D1 and D2 domains form two interacting but negatively Rouiller, I., Butel, V.M., Latterich, M., Milligan, R.A., and Wilson-
Kubalek, E.M. (2000). Mol. Cell 6, 1485–1490.cooperating rings such that ATP hydrolysis in one ring
Sousa, M.C., Trame, C.B., Tsuruta, H., Wilbanks, S.M., Reddy, V.S.,causes ADP release from the opposite ring. Hydrolysis
and McKay, D.B. (2000). Cell 103, 633–643.would thus alternate between the two rings, causing the
Vale, R.D. (2000). J. Cell Biol. 150, 13–19.subunits to ratchet back and forth between ATP-bound
Zhang, X., Shaw, A., Bates, P.A., Newman, R.H., Gowen, B., Orlova,and ADP-bound states. This motion, transmitted to the
E., Gorman, M.A., Kondo, H., Dokurno, P., Lally, J., et al. (2000).substrate/adaptor molecules, would in turn lead to pro-
Mol. Cell 6, 1473–1484.tein complex disassembly.
In contrast, Rouiller et al. propose a model in which
nucleotide binding triggers the functionally critical con-
formational change, with the force generated by this
conformational change transmitted directly to tightly-
bound p47 and substrate molecules. p97 has a lower
affinity for ADP compared with ATP and hence, hydroly-
sis could serve to release nucleotide and reset the chap-
erone for another round of action. Although this is an
attractive mechanistic model that is similar to that for
kinesin action, a number of questions remain. It is not
yet possible to rule out functional roles for the smaller
conformational differences seen between ADP- and
AMP-PNP-bound forms, and we do not yet know what
the enzyme looks like in the ADP-Pi-bound form. If the
substrate coupling is right, any of these transitions could
be the real driving force for the motor.
Both mechanisms are highly plausible; careful bio-
chemical examination of when substrates bind and dis-
sociate during the cycle of nucleotide binding, hydroly-
sis, and release will be needed to determine which
change is functionally most important. Such biochemi-
cal analyses will be facilitated by success in reconstitut-
ing a p97-catalyzed conformational transformation in
vitro using purified components. It is clear from the pres-
ent studies that this is an exciting time for understanding
and debating the mechanisms of AAA protein action.
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